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Jsothermal  seccnt  bulk  modulus  data  was  obtained  from  simulated  hydraulic  systems  and 
compared  v/ith  referenced  data  .^Reference  sources  have  been  the  only  available  data 


from  which  to  select  bulk  modulus  values  for  system  and  component  design.  Therefore 


v 


a  definite  need  existed  for  additional  informa'tiaQ^as  design  values  are  presently  selected 
arbitrarily  or  from  experience.  Often  these  values  ar^arbitrarily  modified  for  certain 
system  design  and  vary  greatly  with  the  experience  of  the  designerT^This  study  was  made 
to  compare  the  amount  of  fiuid  compressibility  existing  within  a  typical  airplane  hydraulic 
system  and  within  a  standard  bench  test  system.  Additional  comparisons  were  made  with 
published  reference  sources.^ 
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II.  SUMMARY 

This  study  was  made  to  compare  the  amount  of  fluid  compressibility 
existing  within  a  typical  airplane  hydraulic  system  ana  within  a 
standard  bench  test  system.  Additional  comparison  was  made  with 
published  reference  sources.  As  these  reference  sources  have  been 
the  only  available  data  from  which  to  select  bulk  modulus  (compressi¬ 
bility  factor)  values  for  system  and  component  design,  a  definite 
need  for  additional  information  exists  because  presently  these  values 
are  often  arbitrarily  modified  for  system  design  end  vary  with  the 
experience  of  the  designer. 

Bulk  modulus,  a  measure  of  fluid  compressibility,  is  an  important 
fluid  property  in  the  design  of  systems  employing  fluid  for  force 
transmission  and  motion  control.  The  fluid,  acting  as  a  spring  in  a 
spring-mass  system  affects  such  system  factors  as  response  time,  force 
available  from  limited  stroke  actuators,  and  stability  of  servocontrolled 
hydraulic  systems. 

The  form  of  bulk  modulus  most  commonly  found  in  reference  sources  is 
the  isothermal  secant  bulk  modulus.  It  is  defined  os  the  total  change 
in  fluid  pressure  divided  by  the  total  change  in  fluid  volume  per  unit 
volume  under  pressure  at  a  constant  temperature.  It  ic,  expressed  by 
the  following  relation: 
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It  is  defined  graphically  as  the  slope  of  the  line  connecting  two 
pressures  of  a  pressure  versus  A  V/V  curve  (Figure  1).  For  our 


■  coEnutetions,  one  oressure  was  eoual  to  zero.  i 

i  ■  ! 

In  this  investigation  two  laboratory  systems  were  employed  to  develop 
fluid  comnressibility,  a  simulated  flight  control  (hydraulic)  system 

! 

and  a  conventional  static  bench  system.  The  Pressure-Volume-Temperaiure 

« 

;  method  was  used  in  both  systems  to  obtain  the  bulk  modulus  data.  With 

I  this  method  a  change  in  oil  volume  is  measured  for  a  given  pressure  change, 

yielding  a  static  bulk  modulus  value. 

The  fluids  used  in  this  study  were  MIL-H-5606B,  WSX-6885,  end  Skydrol 
500A.  The  WSX-6885  fluid  is  under  consideration  for  use  in  the  Super¬ 
sonic  Transport.  The  MIL-H-5606B  and  Skydrol  500A  are  production  fluids 
in  general  use  in  military  and  commercial  aircraft. 
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For  the  three  fluids  tested,  the  beach  values  compared  with  the  published 
data  within  acceptable  margins.  Comparisons  of  the  hydraulic  system 
data  resulted  in  different  trends  for  the  three  fluids.  With  the 
MIL-H-5606B  fluid,  the  initial  values  were  the  highest,  the  four  hour 
values,  the  lowest  (Figure  2.  ).  For  both  the  WSX-6885  and  Skydroi  500A 
fluids,  the  initial  values  were  the  highest,  followed  by  the  h  hour 

! 

and  18  hour  values  in  decreasing  order  (Figure  3,  ).  With  0  100  psi  I 

I 

1 

dormant  period  test  section  pressure,  the  bulk  modulus  values  were  j 

l 

repeatable  within  the  range  of  test  tolerances  for  both  WSX-6885  and: 

Skydroi  500A  fluids. 

1 

In  order  to  determine  if  system  cycling  will  restore  the  value  of  bulk  j 

I 

modulus  to  its  initial  value  following  dormant  unpressurized  periods, 
two  full  stroke  cycles  were  conducted  after  d8ta  was  taken  et  four 
hours.  Following  bulk  modulus  measurements,  two  more  cycles  and  measure- 

1 

ments  were  made.  In  three  of  the  four  tests  conducted  with  WSX-6885 
end  Skydroi  500A  fluids,  complete  recovery  from  the  lower  four  hour 
values  to  the  initial  values  was  made  following  the  four  cycles. 

The  air  content  of  the  fluid  and  its  variation  with  cycling  was  investi¬ 
gated  by  the  use  of  a  Seeten  Wilson  "Airometer."  A  negligible  difference 
existed  between  cycled  and  uncycled  fluid.  j 

i 

The  bulk  modulus  of  0  flowing  fluid  was  also  obtained.  In  determining  j 

this  bulk  modulus,  the  wave  speed  of  0  disturbance  induced  in  the  fluid 
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5.  The  system  measurements  following  pressurized  dormant  periods 
yielded  the  most  accurate  correlation  with  the  initial  system 
values  and  subsequently  the  bench  end  published  values. 

6.  The  method  employed  to  measure  the  bulk  modulus  of  a  flowing  fluid 
also  produced  acceptable  results  for  both  WSX-6885  and  Skydrol  500A 
fluids. 
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This  investigation  arose  fra*  the  need  to  obtain  additional.  infornfctica 
on  bulk  modulus  of  a  fluid  in  a  hydraulic  system,  as  the  value  of 
bulk  modulus  used  in  calculations  is  often  arbitrary  or  selected  on 
the  basis  of  experience.  Bulk  nodulus  is  a  measure  of  the  compressibility 
of  a  fluid,  and  is  an  important  fluid  property  in  system  design  as  It  affects 
such  syste*  factors  as  response  tine,  force  available  fro*  limited  stroke 
actuators  and  stability  of  hydraulic  serros  and  servo»controlled  hydraulic 
systems.1  The  data  compiled  in  this  document  should  provide  an  insight 
into  the  behavior  of  bulk  nodulus  under  actual  operating  conditions. 
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“  Isothermal  eeeaht  bulk  Modulus,  son  of  Mwnl  for**  of  bulk  *o*nl*s  sad 
«  mm  aura  of  fluid  stiffness,  is  the  aut  coraocly  found  for*  la  reference 
sources.  It  la  doflncd  at  th#  total  change  In  fluid  pressure  divided  by 
the  total  change  in  fluid  volume  par  unit  volume  under  praaaura  at  constant 
taaparatura.  The  aquation  for  this  for*  of  bulk  Modulus  la 

S !t-  ^  PS/ 

V  * 

Graphically,  It  la  da fined  aa  the  a lope  of  the  line  connacting  tvo  praaaurea 

z'  “ 

of  a  preasure  verso*  AV/V  curve  (Figure  4) . 

In  this  investigation,  fluid  isothermal  secant  bulk  modulus  values  vara 
obtained  for  three  fluids  at  various  temperatures  and  pressures. 

Measurement*  vart  aade  both  in  a  standard  bench  fixture  and  in  a  hydraulic 
servo-actuator  system-  The  purpose  of  using  tvo  systems  vas  to  investigate 
any  variations  in  bulk  modulus  obtained  vith  fluid  contained  vithin  a 
aiaulatad  flight  control  system  and  values  obtained  In  conventional 
static  tests.  The  fluids  used  ware  HXL-H-5606B,  WSX-6885,  and  Skydrol  JOQA. 
The  WSX-6885  fluid  is  under  consideration  for  use  in  the  Supersonic 
Transport  vhile  the  other  tvo  are  production  fluids  In  general  use  In 
.  ^  ad  lit*  17  and  commercial  aircraft. 

■Sat  Pressure -Volume -Teapersture  method  vas  used  to  obtain  the  data. 

This  method  yields  the  volume  change  for  a  pressure  change  exerted  on  a 
given  initial  fluid  volume.  The  values  obtained  can  be  substituted  In 
the  relation  above  to  obtain  the  bulk  modulus  value. 
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A.  Description  of  Test 

The  bench  fixture  consisted  of  a  coil  of  tubing  as  the  test  section  and  i 

» 

a  hand  pump  and  associated  equipment  (Figures  5  through  7 ).  This  | 

system  has  been  used  in  previous  tests  at  Boeing  for  the  measurement 

1 

! 

of  fluid  bulk  modulus  values.  The  hydraulic  system  employed  a  servo- 
controlled  single-ended  actuator  loaded  by  a  torsion  bar.  The  test 
section  comprised  the  actuator  to  servo-valve  tubing  and  is  pressurized 
by  a  hand  pump  connected  to  the  head*  end  of  the  actuator  (Figures  8  ; 

through  10).  Measurement  procedures  are  identical  for  both  systems. 

In  selecting  the  tubing  as  the  test  section  instead  of  the  actuator, 
the  following  criteria  were  used.  In  using  the  actuator  wi+h  £he  head 
end  comprising  the  test  cavity,  the  piston  seal  leakage  and  structural 
compliance  of  the  sctuator  could  not  be  accurately  determined  for 
all  conditions  investigated.  The  leakage  is  directly  related  to  the 
bore-to-seal  clearance.  This  clearance  is  affected  by  pressure,  struc¬ 
tural  compliance  of  the  barrel,  longitudinal  position  of  the  seal  in  j 

uhe  barrel,  and  the  seal  wear.  In  addition,  a  suitable  means  of  locking  ' 

I 

the*  piston-rod  was  necessary.  The  use  of  tubing  alleviates  these  pro-  ' 

I 

blens  rs  a  leak-tight  chamber  could  be  attained  between  two  valves  and  | 
the  compliance  of  the  tubing  could  be  determined  mathematically.  Because  J 
the  test  section  comprised  the  rod  end  to  servo-valve  tubing,  it  was  j 

assumed  that  the  fluid  in  this  section  and  in  the  actuator  is  subjected  i 

j 

to  nearly  identical  conditions.  Therefore,  the  bulk  modulus  values 

I 

I 

obtained  are  representative  of  the  fluid  bulk  modulus  in  the  actuator.  | 
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j  In  addition  to  the  above  static  values,  the  bulk  modulus  was  also  obtained 

i 

i 

i 

t  for  a  flowing  fluid  by  means  of  wave  speed  measurements.  For  measure- 

>  ment  of  the  bulk  modulus,  a  section  of  tubing  approximately  100  feet  in 

•  length  was  incorporated  in  the  servo-actuator  system  adjacent  to  the 

pump.  This  section  was  equipped  with  a  solenoid  valve  for  testing  of  j 

4 

KSX-6385  and  a  pressure  control  servo-valve  for  Skydrol  500A  fluids.  ! 

Pressure  transducers  were  incorporated  in  each  enl  of  the  test  section 

•  *  { 

to  determine  the  elapsed  wave  travel  time  of  the  disturbance  created  ; 

1  by  closure  of  the  valves.  (Figure  11. and  12).  The  wave  travel  j 

time  was  utilized  to  determine  the  wave  speed  of  the  disturbance .  The 

heating  and  cooling  effect  generated  by  compression  and  expansion  waves 

2  3 

occurs  very  rapidly  and  may  be  considered  8n  adiabatic  process.  , 

Therefore,  the  wave  speed  in  conjunction  with  the  fluid  density  and  . 

tubing  correction  factors  yields  an  adiabatic  bulk  modulus  when  sub- 

: 

stituted  into  the  relation 
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Fluid 

J2S 

1 

Pressure 

Vig  liOQQ 

lITi 

Test 

Fixture 

M3X-H-5606B 

X  X 

X 

X 

TO  F,  200  F 

Bench 

X  X 

X 

X 

100  F,  200  F 

System 

WSX-6885 

X 

X  X 

X 

100  F,  350  f 

Bench 

X 

X  X 

X 

100  F,  350  F 

System 

X 

100  F,  200  F 

5> 

Skydrol  50QA 

X 

X  X 

X 

100  F,  200  ? 

Bench 

X 

X  X 

X 

100  F,  200  F 

System 

X 

100  F,  200  F 

[£>  Wave  speed  Mat uremente  with  a  flowing 
fluid. 

In  order  to  determine  if  system  cycling  will  restore  the  value  of  hulk 
modulus  to  its  initial  value  following  dormant  unpressurised  periods,  two 
full  stroke  cycles,  were  conducted  after  data  was  taken  at  four  hours. 
Following  bulk  modulus  measurements,  two  more  cycles  and  measurements 
were  Mde.  This  sequence  was  performed  at  100  ?  and  350  F  and  at 
100  F  and  200  Y  for  WSX-6885  and  Skydrol  50QA  fluids  respectively  with 
measurements  being  nede  at  1000  and  3000  pel. 

Bulk  modulus  measurements  were  made  three  times  st  each  temperature  and 
aeries  of  pressures-  for  eech  specific  fluid.  System  cycling  was 
conducted  for  fifteen  minutes  prior  to  the  initial  measurements. 

Following  a  four  hour  dormant  period  at  taro  pressure,  the  bulk  modulus 
measurements  were  repeated.  A  final  measurement  wee  Mde  sfter  a  second 
dormant  period  of  18  to  llH  hours.  This  procedure  wes  followed  for  all 
three  fluids  and,  in  addition,  was  repeated  for  WSX-6885  and  Skydrol  5 OCA 
with  a  pressure  of  100  pel  on  the  test  section  during  the  dormant  periods. 
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Ixtended  cycling  with  KIL-H-5606B  «i  also  conducted  for  period*  6f 
7  and  lU  hour*.  Bulk  aodulus  seat ure—nta  war*  and*  »t  *  teaperatue 
of  200  f  and  prasauraa  of  2000,  3 000,  kOOO,  and  $000  pal.  The  doraaat 
period*  vara  conductad  at  sero  pressure.  following  the  extended  cyellac 
the  systea  vaa  drained  and  refilled  with  nav  KII.-H-5606B  fluid  and  the 
hulk  nodulu*  naaauzeae&t*  repeated  under  the  previously  nantioaed 
procedure. 


C.  Teat  Results 

1.  Bench  and  Systea  Teat* 

In  coopering  the  bulk  modulus  values  obtained  with  KIL-H-5606B,  the 
bench  data  and  ayate«  data  for  uacycled  fluid  yielded  corree  of  the 
tans  general  alopa.  The  syatea  values  exceeded  the  bench  values 
(Figure  13  ).  Although  the  nwericel  -values  are  noticeably 


different,  the  deviation  did  not  txceed  7*5  percent  (Figure  ). 

In  compering  this  data  with  published  data  from  The  Boeing  Design 
Manual,  th«  difference  in  curve  elope  is  considerable  (figure  '}£  }. 
However,  the  waxlaua  deviation  between  the  bench  and  published  data 
was  less  than  8  percent  (figure  15  ). 


In  comparison  of  the  hydraulic  system  data,  the  Initial  values  ware  the 
highest;  the  four  hour  values,  the  lowest  (figures  through  72  ). 
The  18  to  llU  hour  values  were  between  the  initial  and  four  hour  data 
with  the  exception  of  two  cases  in  which  these  values  were  leas  than 
the  four  hour  values  (figures  18  and  19  ). 

Although  the  fluid  volumes  In  the  bench  and  syatea  test  differed 
by  a  factor  of  approxinetely  three,  the  AV'a  recorded  differed  - 
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only  slightly  when  expressed  as  A  V/V .  At  the  maximum  pressure,  a 
maximum  Ay  from  the  bench  of  36  cc  with  eh  initial  volume  of  113c  cc 
yields  a  A  V/Y  of  3-17.  A  similar.  A  V  of  11.7  cc  from  the  system  with 
an  initial  volume  of  39&  cc  yielded  a  A  V/V  of  2.96.  Although  the  data 
token  exhibits  sane  repeatability,  particularly  good  when  comparing  ini¬ 
tial  with  initial,  etc.,  an  explanation  for  the  variance  with  tine  is 
not  apparent  (Figures  23  through  23)*  One  possibility  is  that  air  comes 
out  of  solution  during  the  dormant  periods  causing  the  bulk  nodulus  to 
decrease.  With  subsequent  pressurizations  (0-2000  psi  initially)  the 
air  is  again  dissolved  in  the  fluid  and  the  bulk  nodulus  increases.  This 
might  explain  the  results  obtained  after  four  hours  but  is  discounted 
by  the,  18  to  ll4  hour  data.  It  may  also  explain  the  increase  in  slope 
obtained  with  4  hour  and  l£  to  114  hour  data.  Observance  of  this  trend 
in  initial  test  results  leu  to  the  inclusion  of  the  100  psi  pressuriza¬ 
tion  in  Inter  WSX-6835  and  Skydrol  500A  tests. 


i 

! 


i 
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The  bench  data  obtained  with  W. OX -6335  fluid  was  compared  with  published 
data  for  ETC-5251  (Figures  29 end  30).  These  two  fluids  are  very 
similar  so  the  accuracy  obtained  was  deemed  sufficient.  The  deviation 
between  the  bench  and  published  data  reached  a  maximum  of  3.5  percent 
at  100  F  and  of  7  percent  at  350  F  (Figure  31  ). 


The  system  data  for  UGX-63 35  exhioited  a  slightly  different  trend  than 
the  MIL-H-5606B  dota.  The  initial  values  were  the  highest,  with  the 
4  and  18  hour  data  following  in  decreasing  order  (?igures32  and  33). 
This  data  was  for  zero  section  pressure  during  the  dormant  periods. 
With  a  pressure  of  100  psi  on  the  tost  section  during  the  dormant 
periods,  the  bulk  moaulus  measurements  yielded  data  that  was 
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repeetable  within  t*»t  tolerances  (Figures  34  and  35  ).  A  possible 
explanation  for  these  results,  in  accordance  with  the  reason  given 
previously,  is  that  the  air  repains  in  solution  vith  tbs  fluid  due 
io  pressure.  In  coeparing  the  variation  of  the  bulk  eodulus  with 
ties,  the  effect  of  preseurixation  during  donaint  periods  can  aleo  be 
seen  vith  the  18  hour  values  changing  little  fro*  the  initial  values 
(Figures  36  through  .41  ). 

fluid  cycling  following  a  four  .hour  dornant  period  yielded  greatly 
different  results  for  each  teaperature.  At  100  F  the  four  hour  data 
decreased  as  expected,  further  decreased  following  two  cycles,  and 
Increased  after  two  additional  cycles  (Figure  40  .).  The  slope  of  the 
curves  also  changed.  At  350  F  the  slope  of  the  curves  changes 
slightly  with  cycling  with  the  values  retaining  essentially  unchanged 

(Figure  41  ). 

% 

The  bench  data  obtained  with  Skydrol  5004  fluid  was  coopered  with 
published  data  fro*  three  sources  as  sufficient  single  source  data 
was  not  available  (Figures  42;  and  43  ).  This  data  was  obtained 
fro*  The  Boeing  Design  Manual  and  from  two  separate  Monsanto  sources. 
Due  to  the  inconsistency  of  this  data  when  coopered,  the  deviations 
between  bench  and  published  data  ware  not  calculated  as  they  would  be 
■eanlnglese.  This  Inconsistency,  is  not  unconnon  when  bulk  Modulus 
data  fro*  various  sources  is  coopered  and  further  complicates  the 
pxoblea  of  deterainlng  the  oost  correct  value. 

The  system  dats  for  Skydrol  5004  exhibited  a  trend  sioilar  to  the  W8X- 
6885  data.  With  tero  test  section  pressure  during  the  dormant  periods, 
the  initial  values  were  the  greatest  followed  in  decreasing  order 
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by  the  k  hour  and  18  hour  value*  (figures  4A:  and  .45  ).  Kite  a  ICO  pai 

'w' 

test  section  pressure  d’oring  the  dareeut  period*,  tee  bulk  aog a£us  itete 
VSB  repeatable  within  the  accuracy  of  teat  sMsareseat*  (Figures  ^  . 
and  4?'j  ).  Comparing  this  data  with  tee  KSZ-68$p  data  illuatwrted  the 
aisilar  trend  mentioned  previously,  this  eosparison  also  Illustrate* 
that  due  to  the  slsdler  result*  with  pra**cri»tion  the  ss&a  efftct- 
could  possibly  be  realised  with  fluids  other  than  WS2-6885  and  ' 

®*ydrol  50QA.  Kraal nation  of  the  variation  of  bulk  wit^i  tlas 

for  Skjrdrol  500ft  also  shows  the  effect  of  pressurization  with  tee  4 
and  18  hour  values  varying  little  froa  the  initial  values  (Figures 
48  through  51  ). 

For  Skydrol  5C&.,  cycling  foll^ing  the  four  hour  deraant  period  yielded 
similar  results  at  both  100  F  and  200  ?.  The  four  hour  data  decreased 
markedly  from  the  initial  data.  Eearly  eoaplete  recovery  occurred 
following  two  cycles,  with  couple te  recovery  after  two  additicnel 
cycles  (Figures  52  and  53'  ).  At  both  temperature e,  the  elope  of 
the  four  hour  curvec  increased  sharply  but  decreased  with  cycling 
to  closely  approx ins to  the  initial  curve  slope. 

In  cycling  with  WSX-6885  and  Shydxol  500ft  the  fluid  which  was  not 
initially  in  the  test  section  end  subjected  to  the  presaurisatloy 

s * 

during  aeasurssent  and  to  test  temperatures  during  the  dormant  periods 
enters  the  test  section.  After  two  cycles  a  portion  of  this  fluid 
remains  in  tee  test  section.  Assuming  no  taxing,  approximately 
5  cubic  inches  of  fresh  fluid  regain*  in  the  test  section 
(volume  sr  Sk  cable  inches)  (Figure  .54?  ),  As  can  be  seen,  this 
volume  of  'oil .  is  exchanged  with  each  pair  of  full  Strok*  cycles, 
fhis  fluid  could  possibly  alter  the  bulk  modulus  values  obtained 
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due  to  Its  different  temperature  and  possibly  different  content 
of  dissolved  and  entrained  air. 

2.  Wave  Speed  Measurements  vith  a  flowing  Fluid 

In  analyzing  the  test  data,  bulk  Modulus  values  were  computed  based 
on  the  wave  speeds  obtained  from  oscillograph  recordings.  The 
wave  speed  is  affected  by  temperature  but  is  not  a  function  of 
flow  rate  (Figures  55  and  56  ).  An  average  bulk  modulus  was 
computed  for  identical  flow  rate  and  temperature  conditions. 

These  values  are  compared  with  published  data  and  tabulated 
(Figures  57  and  58  ).  Adiabatic  tangent  bulk  modulus  data 

4 

for  WSX-6885  fluid  was  obtained  from  information  available  within 
Boeing  (Figures  59  and  60  ).  Comparable  data  for  Skydrol  500A 
was  obtained  from  Monsanto  publications  (Figures  60  and  61  )• 


The  maximum  deviations  of  test  data  to  published  data  was  15.6 
percent  at  100  F  for  WSX-6885  and  13.8  percent  at  100  F  for 
Skydrol  500A  (Figures  57  and  58  ).  The  following  discussion 

may  in  part  explain  these  deviations. 
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In  determining  the  bulk  modulus  by  this  method,  the  most  accurate 
value  would  be  obtained  from  a  single  instantaneous  disturbance. 
This  would  be  the  ideal  case  and  would  theoretically-  be  a  vertical 
pressure  trace  on  the  oscillograph  recording  at  time  zero.  A 
disturbance  of  this  type  is  not  possible  due  to  hardware 
limitations.  However,  this  condition  can  be  approached  by 
utilizing  the  most  rapidly  closing  valve  obtainable.  A  rapidly 
closing  valve  is  one  which  has  a  closure  time  of  less  than  2L/ a, Qf.) 
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this  being  the  tine  required  for  the  disturbance  to  transverse  the 
length  of  the  line  and  return.  Construction  of  the  valves  utilized 

1 

i  for  these  measurements  prohibited  determining  the  closure  time.  However, 

j  t 

an  estimate  of  this  tine  nay  be  obtained  by  observing  the  pressure  traces 

1 

This  vac  complicated  by  the  fact  that  pump  ripple  vas  superimposed  on 

I 

* 

|  these  traces. 

i 

i 

In  tossing  with  VSX-6335 >  the  percentage  of  air  in  the  fluid  was  obtained 

J 

j  by  use  of  the  Seaton-t.'ilson  "Aironeter."  Fluid  samples  of  new  and 

i  cycled  fluid  were  taken,  the  cycled  fluid  being  drawn  from  the  system 

following  20  minutes  of  cycling  and  after  the  h  and  13  hour  dormant 
periods  at  a  temperature  of  100  ? .  The  new  fluid  yielded  an  overage 
,  cf  6.15  percent  air.  Vitn  the  cycled  fluid,  the  air  content  ranged 

;  from  C.-'y  to  3.0  percent  (Figure  63  ).  Cycling  the  fluia  did  net  appre- 

I 

|  ciabiy  change  the  air  content  as  can  be  seen.  Both  dissolved  and 

j 

:  entrain*  .air  is  reflected  in  these  measurements.  However,  as  the 

J 

samples  could  not  be  evaluated  immediately  upon  removal  from  the  system, 
it  is  suspected  that  the  entrained  air  migrated  to  the  fluid  surface 
and  was  released.  An  indention  cf  this  was  the  formation  cf  an  air 
bubble  above  the  sample  is  a  previously  full  container,  do,  the  values 
obtained  are  probably  mo-.t  representative  of  the  air  dissolved  in  she 
fluid . 
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i 

i 

Based  on  the  data  obtained,  the  following  conclusions  are  realized.  j 

I 

1 .  Acceptable  correlation  was  obtained  between  our  bench  measurements  and  pub-  ! 
lished  data  for  MII-H-5606B  and  WSX6885  fluid.  An  accurate  assessment  of 
the  Skydrol  500A  data  was  difficult  due  to  the  inconsistency  of  the  published 

data  available .  1 

s 

2  The  system  measurements  produced  initial  values  which  compared  very  favorably 
with  the  bench  results  for  MIL-H-5606B  and  WSX.-6Q85  fluids  The  data  obtained 
with  Skydrol  500A  bracketed  the  initial  values  with  the  curve  having  a  slightly 

4 

greater  slope . 

3.  The  system  measurements  following  pressurized  dormant  periods  yielded  the  most 
accurate  correlation  *ith  the  initial  system  values  and  subsequently  the  bench 
and  published  values. 

i 

4.  In  measurements  for  a  flowing  fluid,  the  method  employed  also  produced  accep-  ' 

lable  results  for  both  WSX-6885  ond  Skydrol  500A  fluids.  J 

! 

5.  For  conditions  of  continuous  demand  and  pressurized  dormant  periods,  which 

i 

exist  in  flight  control  systems  operations,  the  fluid  bulk  modulus  does  not  vary 
appreciable  from  published  data  obtained  by  the  Pressure-Volume-Temperature  ( 
method  . 


6.  For  aircraft  operating  periods  with  the  system  unpressurized,  as  in  utility  systems,  1 
the  fluid  bulk  modulus  is  low  initially  but  approaches  the  published  value  within 
the  first  moments  of  system  actuation.  Therefore,  for  design  purposes,  the  pub-  J 

I 

lished  value  would  be  the  most  accurate.  | 
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MONSANTO  COMPANY 

ORGANIC  DIVISION  RESEARCH  DEPARTMENT 


Miscellaneous  Monsanto  Data  on.Skydrol  500  and  MIL-H-5606 


iv'  Viscosity,  CS  at  -40°? 

562 

761 

471 

469 

v  '  .  i  #  * 

.  *  •  * 

0°F  . 

100.9 

105'.  4 

103.6 

97.1 

£-  *  «  '  » 

}  •-  , 

A  “  ,  •  J 

■  /■ 

*  ‘  4 

2.  Density-,  gra/al. 

100°? 

.  11.70 

11.79 

14.56 

14.31 

210  °F 

3.91 

3.96 

5.24 

5.23 

C  -  at 

-4o°P 

1.1213 

1.1203 

0.9042 

0.9109 

t 

V 

C°?  ‘ 

1.1023 

1.1007 

0.8881. 

0.8984 

100°? 

1.0545 

1.0532 

0.8487 

0.8542 

&'.f  Bulk'.  Modulus/ 

210°P 

1.0025 

1.0010 

0.8051 

0.8104 

:  ;V.  x?si-  at 

100  °? 

264 

278  • 

229 

229 

r- .(  ^sofcSersaal' 

200  °P 

220 

223 

'  186  ' 

179 

"  .  Secant:,  -  0-7 
,  -  Kpsig) 

,4.  Pressure  Vis  cos 

300  °F 

165 

178 

139 

139 

ity,  -  CS  at 

2  Kpsig 

,  13.9 

13.4 

19.8 

17.3 

:  (ioo*p) 

4  Kpsig 

16.5 

15.0 

25.9 

21.0 

t  ' 

• 

6  Kpsig 

19.4 

16.8 . 

,  34.8 

25.5 

«* 

5.  Vapor  Pressux'e, 

at  -50*? 

3.0 

0.  0.8 

«  ainKg 

1.2 

mm 

*.  , 

150  °P 

15.2 

44 

6.9 

42 

250  °P 

77 

•  235 

30.5 

.  77 
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Miscellaneous  Monsanto  Data  on  Skydrol  500A  ■  :T‘J  7  •'•*•  : 

'  *  -  '  ,  ,  v  '  ,V 


6.  Air  Solubility  in  Skydrol  500 A  at  100 *F 

Vol.  £  air  (68® P,  1  atra.  abs.)  a  0.54  p(psia) 

PPM  (wgt.)  air  »  6.4  p(psia) 

Estimated  accuracy  of  constants  +  5# 
Measurement  range  14.7  to  115  psia 

7.  Sonic  Velocity  of  Skydrol  500A  at  atmospheric  pressure 

C  (meters/sec.)  «  1435  -  3.25  t(°C) 

=  1493  -1.81  t{°?) 

Estimated  accuracy  of  constants  +  1# 

Measurement  range  0  -  100 °C 

8.  Sonic  Velocity  of  Skydrol  500A  at  100°F,  meters/sec. 


Pressure,  psig 


Sample  Air-Saturated  at  100 °F  ana 
0  psig  (as  is)  -  -  -  10Q  pSl“ 


0 

1310 

100 

- 

1312 

1000 

4  1335 

1340 

2000 

1361' 

1367 

3000 

1387 

•  1397 

4000 

1415 

1425 

5000 

1440 

1453 

D.  R.  Killer 
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"TECHNIQUES  FOR  MEASURING  AND  REMOVING  AIR 
FrcOM  HYDRAULIC  CONTROL  SYSTEMS" 


i  Gene  sal 


It  iS  a  generally  accepted  fact,  that  hyoraulics  is  an  ' 

EXCELLENT  M  E  T  H  0  0  OF  POWER  TRANSMISSION.  THE  PRIME  REASON  FOR  «  ; 

this  acceptance  is  it's  inherent  stiffness.  Due  to  the  very 

HIGH  BULK  MOOULUS  OF  MOST  FLUIOS,  THE  POSITIVE,  PRECISE 
POSITIONING  OF  A  RAM  OR  A  SHAFT  SHOULO  BE  A  CERTAINTY;  BUT  IS 
IT? 

True,  one  cannot  say  the  system  is  "stiff"  unless  it  is 
completely  flushed  of  air;  however,  once  that  is  accomplished, 
the  system  should  be  "solid."  The  word  should  is  used  because 
THE  STIFFNESS  of  a  system  is  rarely  measureo  in  a  quantitative 
MANNER.  This  OVERSIGHT  might  be  explained  AWAY  by  callinc  it 
an  interface  problem.  That  is,  it  is  the  point  where  the 

DESIGNER  LEAVES  OFF  ANO  THE  TECHNICIAN  TAKES  OVER.  TOO  OFTEN, 

IT  IS  THE  RESPONSIBILITY  OF  THE  TECHNICIAN  TO  KNOW  WHEN  TO 
STOP  FILLING  AND  FLUSHING.  IT  IS  SOMEWHAT  AN T I -C L I M A C T I C AL 
TO  GATHER  A  LARGE  NUMBER  OF  MEASUREMENTS  ON  INDIVIDUAL  COM¬ 
PONENTS;  ANO  THEN,  AT  THE  LAST  MOMENT,  NOT  MEASURE  THAT  WHICH 
WAS  DCSIREO  IN  THE  FIRST  PLACE! 

The  PURPOSE  OF  THIS  REPORT  IS  TO  DESCRIBE  TECHNIQUES  AND 
DEVICES  FOR  MEASURING  ANO  REMOVING  AIR  IN  ORDER  TO  INSURE  A 
"STIFF,"  HIGH  RCSPONSE  SYSTEM. 

I  I  Sample  Air  Tests 

In  crder  to  obtain  oata  which  would  be  both  simple,  yet 
MEANINGFUL,  a  conventional,  double-ended  actuator  (see  FIG.  I) 

WAS  CONNECTED  TO  A  1  GPM,  5000  psi,  Mil_-H-5606,  HYDRAULIC 
SYSTEM.  It  was  THEM  INSTRUMENTED  with  a  device  which  would 
measure  the  compressibility  of  any  air-oil  mixture.  The 
MECHANICS  of  the  instrument  will  be  explained  later. 

Starting  with  an  empty  actuator,  flushing  began  at  low  pressure; 
i.  e.,  approximately  pOO  psig.  The  cylinder  was  cycled  by 

MEANS  Or  A  FOUR-WAY  VALVE  WITH  FLOW  PASSING  THROUGH  AN 
.052  DIAMETER  ORIFICE  AT  THE  CYL1N0ER  PORT.  The  PURPOSE  OF 
THE  ORIFICE  WILL  BE  EXPLAINED  LATER.  AFTER  EVERY  SIX  CYCLES, 

THE  TEST  STANO  WAS  SHUT  DOWN  AMO  AN  AIR  MEASUREMENT  TAKEN. 

A  GRAPH  WAS  M  A  0  E ,  ILLUSTRATING  THE  DECREASE  OF  A  I  R  VERSUS 

flushing  cycles.  (See  FIG,  II.) 

In  AOOlTlON,  THE  CYLINOER  WAS  PERIODICALLY  PRESSURIZED  TO 

1000,  2000  ano  5000  psig.  The  amount  of  fluid  required  to 
ACHIEVE  THESE  PRESSURES  WAS  MEASUREO  AND  REC0R0E0.  (SEE  FIG. III.) 

The  EFFECTIVE  BULK  MOOULUS  ©  3000  PSIG  WAS  THEN  COMPUTED  FOR 
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FOR  VARIOUS  AIR  CONTENTS  USING  THE  VALUES  OBTAINED.  (SEE  FlG. 
Needless  to  say,  it  was  quite  startling  to  discover  that,  with 
.A..  CONTENT  OF.  ONLY  .17%  Of  COMPRESSIBLE  AIR,  THE  THEORETICAL 
BULK  ’MODULUS  WAS  CUT  IN  HALF!  ThE  FIRST  INCLINATION  IS  TO  TAKE 
SOLACE  FROM  THE  FACT  THAT,  AT  THE  LEAST,  CAREFUL  FLUSHING  HAD 
3R0U.CHT  THE  COMPRESSIBLE  AIR  CQNTENT  DOWN  TO-  0.2%.  UNFOR¬ 
TUNATELY,  THIS  VALUE  010  NOT  REMAIN  AT  0.2%.  AFTER  FLUSHING, 
THE "TEST  STAND  PRESSURE  WAS  INCREASED  TO  1000  PSIG.  THE 
PURPOSE  OF  THE  ORIFICE,  UPSTREAM  OF  THE  CYLINDER,  WAS  TO  SIMU¬ 
LATE  THE  AREA  OF  Al.  .052  OIAMETER  VALVE  OPENING.  AFTER  ONE- 
HALF  CYCLE,  AN  AIR  MEASUREMENT  WAS  MAOE  AND  FOUND  TO  BE  0.8%1 

After,  the  second  cycle,  it  was  1.6%  and  so  on.  (See  FIG.  V.) 

|N  SHORT,  DISSOLVED  AIR  CAME  OUT  OF  SOLUTION  ANO  COLLECTED  IN 
THE  ACTUATOR.  IT  IS  TH i S  FORM  OF  AIR  WHICH  NEGATES  NORMAL  FILL 
AND  FLUSH  TECHNIQUES.  BEFORE  CONTINUING  WITH  DESCRIPTIONS  OF 
AIR  MEASURING  ANO  AIR  SEPARATING  DEVICES,  SOME  DEFINITIONS  ARE 
IN  OROER. 

I  I  I  Forms  of  Air 

Free  Air:  Free  air  is  that  which  is  trappeo,  but  not 

TOTALLY  IN  CONTACT  WITH  A  FLUID.  IT  IS 
NEITHER  ENTRAINED  NOR  DISSOLVED.  An  EXAMPLE 
OF  FREE  AIR  WOULD  BE  AN  "  A  I  R-POCKET1'  IN  A 
SYSTEM. 

Entrained  Air:  Entrained  air  is  that  which  is  suspended  in 

A  FLUID  ANO  NORMALLY  EXISTS  IN  THE  FORM  OF 
,  SMALL  BUBBLES. 

Dissolved  Air:  Dissolved  air  is  that  which  enters  into 

SOLUTION  WITH  A  FLUID.  SlNCE  IT  IS  NEITHER 
FREE  NOR  ENTRAINED  AIR,  IT  DOES  NOT  BEHAVE 
ACCORDING  TO  BOYLE'S  Law.  IT  DOES,  HOWEVER, 
cbey  Henry's  Law,  which  states  that  "the 

WEIGHT  OF  GAS  DISSOLVED  IS  PROPORTIONAL  TO 
THE  PRESSURE."  IT  CAN  BE  REMOVED  BY  TWO 
0  I FFERENT  MEANS:  SUBJECTING  THE  FLUID  TO  A 
REDUCED  PRESSURE  AND/OR  RAISING  THE  FLUID 
TEMPERATURE.  ITS  PRESENCE  OR  ABSENCE  DOES 
NOT  AFFECT  THE  VOLUME  OF  THE  FLUID. 

A  PICTORIAL  EXAMPLE  OF  THE  THREE  FORMS  OF  AIR  IS  SHOWN  IN 

FIG.  VI . 

IV  Additional  Data  on  Dissolved  Air 

SE ATON-Wi LSON  HAS  MADE  DISSOLVED  AIR  MEASUREMENTS  ON  SEVERAL, 
COMMON,  HYORAULIC  FLUIOS  ANO  THE  RESULTS  ARE  SHOWN  IN  FIG.  VII 

It  shoulo  be  emphasizeo  THAT  NEITHER  the  presence  NOR  THE 
A8SENCE  OF  OISSOLVEO  AIR  AFFECTS  THE  VOLUME  OF  THE  OIL?  ANO 


TEST  DATA  SEEKS  TO  INDICATE  THAT  these  is  no  effect  on  bulk 
.“.OOUIUS,  PROVIDING  THE  Ain  IS  IN  solution.  These  FACTS,  at 
first,  appear  paradoxical;  however,  if  one  visualizes  a 

CONTAINER  FILLED  TO  THE  BRIM  WITH  MARBLES,  WHICH  REPRESENT  THE 
OIL  MOLECULES,  IT  IS  POSSIBLE  to  POUR  IN  FLUIO,  REPRESENTING 
AIR,  AROUND  THEM,  OR  REMOVE  THE  FLUID  WITH  NO  CHANGE  IN  VOLUME. 
The  weight  OF  THE  CONTAINER  CHANGES,  BUT  NOT  THE  VOLUME.  ThE 
APPEARANCE  ANO  0  I S A P P E A R AN C E  OF  DlSSOLVEO  GASES  ,  IN  THE  FORM 
OF  ENTRAINED  AIR,  IS  AN  INTERESTING,  BUT  ELUSIVE,  PHENOMENON. 

Accelerating  fluid  through  an  orifice  causes  a  local,  static 

PRESSURE  OROP.  iF  THE  PRESSURE  DROPS  BELOW  ATMOSPHERIC 

pressure,  dissolved  gas  appears  in  the  form  of  tiny  bubbles. 
Providing  these  bubbles  oo  not  conglomerate  into  larger 
bubbles,  AND  the  velocity  of  the  fluid  is  kept  low,  most  of 

the  AIR  BUBBLES  ARE  READSORBED  OOWNSTREAh  WHERE  THE  STATIC 
PRESSURE  IS  GREATER  THAN  ATMOSPHERIC.  ThiS  PHENOMENON  AGREES 

with  Henry  1 s  Law.  There  is  an  exception  to  this  condition, 
however;  and  that  is,  as  the  fluid  is  accelerated  close  to 

ITS  SONIC  VELOCITY,  the  AIR  BUBBLES  EXPAND  TO  LARGER  SIZES 
ANO  ARE  RELUCTANT  TO  GO  BACK  INTO  SOLUTION  DESPITE  SUBSEQUENT 
EXPOSURE  TO  HIGHER  PRESSURES.  TOO,  EROSION  OF  MATERIALS  HAS 
BEEN  KNOWN  TO  TAKE  PLACE  IN  THE  VICINITY  OF  BUBBLE  GROWTH.  IT 
IS  NOT  THE  PURPOSE  CF  THIS  REPORT,  HOWEVER,  TO  INVESTIGATE 
EROSION. 


V  Description  of  Air  i'ieAsuRiNG  Equipment 

Since  air  can  exist  in  either  compressible  or  incompressible 

FORMS,  IT  IS  NECESSARY  TO  HAVE  TWO,  DISTINCTLY  DIFFERENT  MEANS 
OF  MEASURING  ITS  PRESENCE.  To  FILL  THESE  NEEDS,  Se A  TO N-V J L SON 

iSanufactur  i  ng  Company  has  developeo  two  instruments: 

A.  A-LQQ  "A  I  RE-ONE TER"  (See  FIG.  VIII.) 

This  OEVICE  IS  USEO  TO  MEASURE  COMPRESSIBLE  air 
content.  In  principle,  it  takes  advantage  of  air's 

COMPRESSIBILITY.  ThE  AIR  IN  A  CLOSED  SYSTEM  IS 
PRESSURIZED  to  a  PREDETERMINED  level,  either  WITH 
ITS  OWN  FLUIO  OR  FROM  AN  EXTERNAL  SUPPLY.  AFTER 
"ZEROING-OUT"  THE  INSTRUMENT,  THE  PRESSURE  IS  RELIEVED 
AND  THE  COMPRESSED  FLUIO  IS  ALLOWED  TO  EXPANO  INTO  A 
MANOMETER  TUBE,  WHERE  IT  IS  MEASURED.  °Y  MEANS  OF 

3oyle's  Law,  the  amount  of  trapped  air  ..an  be  calcu¬ 
lated. 

3.  AD-4001  "A I RE-OMETER"  (See  FIG.  IX.) 

This  device  is  used  to  measure  dissolved  air  content. 
In  principle,  it  takes  advantage  of  the  fact  that 

GAS  WILL  COME  OUT  OF  SOLUTION  WHEN  EXPOSCD  TO  A 
VACUUM.  A  SMALL  FLUIO  SAMPLE  is  titrated 


D6-58362TN 


I 


FROM  THE  UPPER  RESERVOIR  INTO  THE  LOWER  TUBE,  USING 

Mercury  as  the  working  medium,  ano  then  exposed  to  a 
vacuum.  After  the  gases  have  escaped,  the  air-fluio 

MIXTURE  IS  PRESSURIZED  TO  ATMOSPHERIC  PRESSURE  AND 
the  volume  of  gas  measureo. 

V I  Description  of  Air  Separation  Equipment 

TO  REMOVE  ALL  THREE  FORMS  OF  AIR,  SE ATON-Vl L SON  HAS  DEVELOPED 
an  automatic  air  Separator.  (SAF-IOOl  "SEPARATE-Al RE")  (See 
FIG.  X.) 

Since  degassing  can  only  be  accomplished  in  the  presence  of 
a  vacuum;  yet,  a  negative  heao  in  a  reservoir  results  in 
pump  cavitation,  the  fluid  must  be  processed  in  a  separate 
container.  After  the  fluid  has  been  oegassed,  i  t ‘ must  then 

3  £  PUMPED  BACK  U?  TO  SYSTEM  RETURN  PRESSURE.  To  ACHIEVE  THIS, 
THE  "SEPARATE-A  I  R£::  USES  AN  ASPIRATOR  TO  80TH  DEGAS  ANO  JET- 
PUMP  THE  PROCESSED  FLUlO  UP  TO  SYSTEM  RETURN  PRESSURE.  The 

"SEPARATE-Al RE"  is  placed  in  a  system  in  parallel  to  the  load, 
ano  thus  operates  at  system  pressure.  (See  FIG.  XI.)  Unless 
"valved-off"  from  the  system,  it  will  make  a  continual  bleed 
or  orain  on  the  hyoraulic  horsepower  provided  by  the  pump. 

Fluid,  to  be  oegassed,  is  introduced  from  the  return  side  of 
the  hyoraulic  circuit.  Since  unsaturated  fluid  is  aspirated 
into  the  same  stream,  which  is  creating  the  vacuum,  MIXING 
OCCURS.  The  OEGASSING  PROCESS  CAN  NOW  8E  SEEN  TO  BE  A  PARA¬ 
SITIC  ONE,  ANO  A  CURVE  OF  OISSOIVED  AIR  CONTENT  VERSUS 
RUNNING  TIME  OF  A  "SEPARATE-A I  RE"  IS  AN  EXPONENTIAL  ONE. 

(See  FIG.  XII  for  dissolveo  gas  content  of  open  ano  closed 

SYSTEMS. ) 

After  the  degassing  chamber  has  filled  with  air,  float  switches 

ARE  USEO  TO  SENSE  THE  END  OF  THE  CYCLE.  The  ASPIRATOR  SCLENOIO 
VALVE  IS  SHUT  OFF  ,  ANO  THE  VENT  SOLENOID  VALVE  OPENED. 

Degassing  flow  is  alloweo  to  continue,  ano  since  it  is  no 

LONGER  BEING  ASPIRATED,  FILLING  OCCURS.  ThE  AIR  IS  COMPRESSCO 
TO  A  PRESSURE  SLIGHTLY  ABOVE  ATMOSPHERIC  PRESSURE  AND  VENTING 
BEGINS  AGAIN  THROUGH  A  CHECK  VALVE  1  FlOAT  SWITCHES  SENSE  WHEN 
TOTAL  PURGING  HAS  BEEN  ACCOMPLISHED  AND  THE  ASPIRATOR  IS 
REACTIVATED  TO  REPEAT  THE  ENTIRE  CYCLE. 

V I I  Results  of  Air  Removal 

The  hyoraulic  cylinoer,  described  above,  was  tested  while 
assembled  in  a  system  whose  SCHEMATIC  IS  shown  in  FIG.  :;i. 

All  of  the  compressible  air  measurements,  shown  in  FIGS.  M, 

I  !  i  and  IV  WERE  MADE  WITH  an  A-400  ;i  A  i  RE-OMETCR . "  To 
EVALUATE  the  EFFECTS  OF  AIR  REMOVAL,  THE  AIR-OIL  SEPARATOR, 
0ESCRI8E0  ABOVE,  WAS  ALLOWEO  TO  OPERATE  FOR  EIGHT,  15  MINUTE 
CYCLES.  The  RESERVOIR  FLUID  WAS  COVERED  BY  A  FLOATING  PISTON 
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AND  7  H  £  DISSOLVED  A|R  CONTENT  Of  THE  f  0  RME  0  WAS  MEASURED  BY 

means  of  an  AD-4001  "A I RE-OMETER. "  A  curve  or  dissolved  air 

CONTENT  VERSUS  RUNNING  TIME  IS  SHOWN  IN  FIG.  XI l.  ThE  ACTUATOR 
WAS  THEN  RECYClEO  AT  LOW  PRESSURES,  AS  BEFORE,  ANO  AIR  MEASURE^ 
MENTS  WERE  TAKEN  EVERY  SIX  CYCLES.  (SEE  FlG.  XIII.) 

IT  IS  WORTH  NOTING  THAT  THE  NUMBER  Of  FLUSHING  CYCLES  REQUlREO 
TO  ACHIEVE  A  SPECIFIC  LEVEL  OF  AIR  CONTENT  DIMINISHED. 


The 

SYSTEM  PRESSURE 

WAS  THEN 

RA 1  SCO, 

AS  BEFORE 

,  TO 

1000  PSIG. 

Ten 

CYCLES  WERE  MADE 

ANO 

NO 

ENTRA INED 

AIR  APPEARED 

IN  THE 

CYLINDER,  NOR  IN  ANY 

PART 

OF 

THE  SYSTEM.  (SEE 

FIG. 

XIII.) 

VI  1  1 

1  Conclusions 

- 

The 

CONCLUSIONS  THAT 

WERE 

ORAWN  FROM 

THE  TESTS 

WERE 

BROKEN  DOWN 

INTO  FOUR  SPECIFIC  AREAS! 

A.  FffE^Ts  pr  Flushing 

The  EFFECT  OF  CONTINUOUS,  HARO-OVER  CYCLING  UPON  AIR 
CONTENT  AG  RE  E  0  WELL  WITH  INTUITIVE  RESULTS.  IN  FACT, 

THE  FINAL  VALUES  ACHIEVEO  WERE  FAR  LOWER  THAN  WHAT 
WOULD  BE  IMAGINED  FOR  A  CYLINDER  WITH  "BUILT-IN11  A|R 
POCKETS . 

Assiduous  cycling  can,  therefore,  be  expected  to 

EFFECTIVELY  PURGE  ANY  GIVEN  SYSTEM  OF  AIR. 

B.  Aeration  Due  To  Dissolveo  Air 

- - - - - - 1 — 

ThE  RESULTS  OF  THE  HIGH  PRESSURE  CYCLING  INOICATE  THAT 
SYSTEMS  USING  A  I  R- S A TU R A T E 0  MIL-H-5606  FLUID,  OR 
SIMILAR  HYDRAULIC  FLUIOS,  AT  PRESSURES  OF  AP P RO X  I M A T E L Y 
1000  PSIG  OR  GREATER,  CAN  LOOK  FORWARD  TO  THE  GENERATION 
OF  ENTRAINED  AIR  ACROSS  ORIFICES  IN  THE  SYSTEM. 

/ 

LOW  PRESSURE  HARO-OVER  CYCLING  OF  ACTUATORS  CAN  HELP 
REMOVE  THE  RESULTANT  A  I R  IF  THE  CYLINDER  TO  VALVE  LINES 
ARE  SHORT. 

CylINOERS  WORKING  UNLOAOED  AND  ONLY  IN  THE  MID-STROKE. 
RANGE,  WITH  INFREQUENT  HARO-OVER  TO  HARD-OVER  SIGNALS, 
CAN  EXPECT  INCREASING  AIR  CONTENTS  WITH  TIME. 

C.  3ulk  Modulus 


The  EFFECT  OF  AIR  ON  BULK  MODULUS  AGREEO  WELL  WITH  THFORY 
WHERE  THE  AIR  CONTENT  WAS  4/3  OR  MORE  (SEE  Ap  p  EN  0  I  X  ) .  A' T 
HIGH  PRESSURE,  The  CORRELATION  FELL  OFF  AS  AIR  CONTENT 
OECREASEO;  I.  E , ,  ADDITIONAL  VOLUME  WAS  REQUlREO  8EY0ND 
THAT  DUE  TO  AIR  AND  FLUID  COMPRESSIBILITY. 


’’<r* 
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This  effect  coulo  only  ce  explained  by  the  elasticity 
OF  THE  CYLINDER,  O-RlNG,  END  CAP,  AND  THftEAO  CLEARANCES. 

6.  Effects  of  Deaeration 

The  effect  of  deaerating  the  system  fluid  was  to  prevent 
-completely  the  GENERATION  of  ENTRAINED  air  AC'ROSS  THE 
SIMULATED  VALVE  ORIFICE.  PREVIOUS  TESTS,  CONDUCTEO 
with  unsaturated  fluid,  indicated  accelerated  purging 

ALSO  TAKES  PLACE  JUE  TO  THE  AOSORPTION  OF  SMALL  AIR 

bubbles.  Further  work  is  now  underway  to  qualitatively 
oefine'  the  reduction  OF  pump  noise  and  material  erosion 
OUE  to  the  use  of  unsaturateo,  hydraulic  fluid. 


£.  General  Conclusions 


It  is  readily  apparent,  from  the  tests  made,  that  several 
areas  of  performance  can  be  improved  as  a  direct  result 

OF  DEAERATING  THE  SYSTEM  FLUID. 

IN  REGARO  TO  BULK  MODULI,  A  WORD  OF  CAUTION  IS  NECESSARY. 

The  values  shown  are  not  $  jmitteo  as  pragmatic  numbers 

TO  BE  US  E  0  WITH  ABANDON .  iF  ANYTHING,  THEY  POINT  OUT 
THAT,  FOR  ANY  SPECIFIC  SYSTEM,  ACTUAL  MEASUREMENTS  SHOULD 
BE  MADE  RATHER  THAN  RELYING  UPON  "TEXT  BOOK1'  VALUES. 
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A:  PEND  l  X 
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The  following  chart  contains  ACTUAL  ano  computed  thcoret.ical 
values  outaineo  for  bulk  moduli  tests: 


(NOTE: 

0.17,  0 

.97  ANO  4.15 

REFER 

TO  AIR 

CONTENT'  IN.  &) 

■ . ' 

•  .-n'/K 

-  *  v  ■ 
./%  V 

I 

Press: 

| 

j  Actual 

VOL  . 

Req  *  0 

Theor. 

VO  L  . 

Req'd 

Deviation  - 

7.*"  a 

rj  '  * 

'/5  :  „  * 

0.17 

0.97 

4.15 

0.17 

0.97 

4.15 

O.I7 

0.97 

'4.15  ? 

•  45 

.040 

.25 

.99 

.042 

.206 

.90 

C, 

7 

.  Y  „ 

10.  ■  ;v. 

500 

— 

.41 

1.54 

1 

I 

.  .  ; 

1C00 

.240 

.52 

1.43 

;  .186 

.428 

1.44 

29 

24 

0.7 

1500 

| 

1.51 

I 

2000 

.460 

.71 

1.59 

.3°5 

.555 

1.57 

52 

29 

1.2  ‘ 

2500 

— 

.81 

1.63 

1 

i 

* 

5000 

.670 

.88 

1.75 

.415 

.661 

1.68 

61 
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2.9  • 

•NOTE:  Air  content  determined  Q  45  psig  by  means  of  Boyle's 
equation:  V1  •-  P2  (V1  -  V2)/  (P2  -  P<1) 

OR 

V1  =  4AV/3 

E.G.  A‘/« 4  X  .04/3  =  .0533  iN5 

:s  Air  =  .055  x  100/32  =  ^.166^;  use  0.1?/ 

(Actual  cylinder  volume:  3 2  cubic  inches) 

Increasing  deviations  with  diminishing  air  contents  attributed 
to  fixed  displacement  of  cylinoer,  o-rjngs  and  end  cap  threads 
AT  THE  VARIOUS  PRESSURES. 


Theoretical  volume  required  was  computed  as  follows: 

Total  volume  required  =  change  in  oil  volume  +  change 

IN  AIR  VOLUME. 


V  Total 

*  (Oil  volume  x 

Pressure/  Bulk  Modulus)  +  Air  Volume 

(1 

-  Volume  Ratio) 

Pressure 

Bulk  Mooulus 

Me  s  sure 

Volume  Ratio 

45 

220,000 

45 

.55 

1000 

240,000 

1000 

.015 

2000 

250,000 

2000 

.007 

5000 

265,000 

5000 

.005 

e.g.  For  0.17/  Air:  (Air  content:  054-  in^;  Oil  content:  51.95 

AV  Total  =  (31.95  x  3000/265,000)  +  .054-  (1  -  .005) 

=*  .362  in^  +  .055  in^ 

*  0.415  cubic  inches  (Theoretical  volume  required) 
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